To adapt the timing of processes regulated by the circadian clock to seasonally varying photoperiods, the phase relation between the circadian clock and dusk or dawn ("phase of entrainment") must be tightly adjusted. The authors use a mathematical model of the molecular mammalian circadian oscillator to investigate the influence of the free-running period (τ) and the shape of the PRC on the phase of entrainment. They find that a phase-dependent sensitivity ("gating") of light-induced period gene transcription enables a constant phase relation to dusk or dawn under different photoperiods. Depending on the freerunning period τ and on the shaping of the PRC by gating, the model circadian oscillator tracks either light onset or light offset under different photoperiods. The study indicates that the phase of entrainment of oscillating cells can be systematically controlled by regulating both gating and the free-running period τ.
The mammalian circadian clock located in the SCN is the major pacemaker for behavioral and physiological circadian rhythms. The fundamental mechanism of circadian timekeeping is cell autonomous. It is based on autoregulatory feedback loops of gene products onto their own transcription, leading to selfsustained oscillations of about a 24-h period (Reppert and Weaver, 2002) . Under natural conditions, the clock is entrained by external LD cycles. This entrainment leads to a constant phase relation of behavioral, physiological, and molecular rhythms with respect to the external LD cycle (Holzberg and Albrecht, 2003; Roenneberg et al., 2003a) . Adaptation of an organism to its periodic environment is determined by the phase relation between processes regulated by the circadian clock and the environmental cycle. It allows anticipa-tion of periodic events of the environment, such as sunrise or sunset (Dunlap et al., 2004) . Thus, from an evolutionary perspective, the phase of processes regulated by the circadian clock is the parameter under selection. Consequently, a tight regulation of the clock's phase is expected.
Seasonally changing day lengths (i.e., photoperiods) require mechanisms that adapt the phase of processes regulated by the circadian clock to the changing times of sunrise and sunset. As a result, these mechanisms lead to a constant phase relation under different photoperiods between the external events sunrise or sunset and clock-controlled internal events such as activity onset . This phase relation is termed phase of entrainment.
The PRCs and the free-running period (i.e., the circadian period in constant darkness) can be used to predict the phase of entrainment under different photoperiods . Light pulse PRCs describe the phase shift of the circadian clock in response to a perturbation by a short light pulse given at a certain phase of the circadian cycle . Free-running periods of many nocturnal mammals are shorter than 24 h, while free-running periods of many diurnal mammals exceed 24 h Aschoff, 1979) . Using computer simulations and experimentally recorded PRCs and free-running periods of nocturnal rodents, Pittendrigh and Daan (1976b) showed how the phase relation between activity onset and the dusk light pulse is conserved under a wide range of different photoperiods. In addition, they showed that the "delay-to-advance ratio" of a PRC (see below) influences the range of photoperiods with a constant phase of entrainment.
It is assumed that the phase of entrainment under different photoperiods is represented in the mRNA and protein oscillations of clock genes under these different conditions (Messager et al., 1999 (Messager et al., , 2000 Nuesslein-Hildesheim et al., 2000; Sumova et al., 2002 Sumova et al., , 2003 Tournier et al., 2003) . How the phase of entrainment is controlled on a molecular and physiological level is unknown.
In mammals, a short light pulse administered during subjective night leads to a rapid induction of Per1 and Per2 gene transcription on the level of SCN neurons (Albrecht et al., 1997) . In contrast, there is only a weak effect of light on the induction of Per1 and Per2 transcription during subjective day (Shigeyoshi et al., 1997; Miyake et al., 2000) . Activation of Per1 transcription by light is suppressed between CT 4 and CT 12, and induction Per2 is only light sensitive during early subjective night, CT 16 (Miyake et al., 2000) . This is considered to be the result of "gating" of light input (Meijer and Schwartz, 2003) . Gating is a phasedependent insensitivity toward light input. It is still unknown whether the biological mechanism responsible for gating is an immanent feature of the core oscillator (e.g., due to a saturation of the CLOCK/ BMAL1-driven Per1 and Per2 transcription rate during subjective day) or an external mechanism (e.g., a clock-controlled regulation of the light input pathway).
So far, a mathematical model studying the entrainment of a molecular circadian oscillator in mammals under different photoperiods has not been developed. With such a model, we might be able to identify criti-cal features involved in the phase control of the mammalian core oscillator.
Here, we investigate the entrainment of a mathematical model for the circadian core oscillator in mammals under different photoperiods. We show that a phase-dependent sensitivity toward light input (i.e., gating) and a deviation of the free-running period τ from 24 h are the critical features of the model oscillator that determine its phase of entrainment under different photoperiods. Our study indicates that gating is an important process in adapting the circadian oscillator in mammals to seasonally varying photoperiods.
MATERIALS AND METHOD
We use a mathematical model of the molecular mechanisms of the circadian oscillator in mammals (Becker-Weimann et al., 2004a , 2004b . The scheme of the model oscillator is shown in Figure 1 , and model equations and kinetic parameters are given in the appendix.
We model light input by an additional term in equation 3 describing the transcriptional activation of Per/ Cry mRNA by light. This additive gating term accounts for the independence of light-induced transcription from CLOCK/BMAL1-driven transcription (Travnickova-Bendova et al., 2002) . Per and Cry genes are modeled as 1 variable (for a detailed discussion on the model derivation, see Becker-Weimann et al., 2004a) . To keep our model as simple as possible, we do not take the experimentally observed differences in Per1 and Per2 light induction into account (Albrecht et al., 1997) . LD cycles are simulated by a rectangular alteration of the light input li(t) between 0 and a constant value denoted as light input strength lis.
As mentioned above, gating of light input plays a central role in the entrainment of the mammalian clock. Since the biological mechanisms behind gating are unknown, we include gating into the model oscillator by using a heuristic approach: Light input is regulated by the clock output, that is, by appropriate clock variables. Two different gating functions are implemented to be able to modulate the delay-toadvance ratio of the model PRC (see below). Both functions reflect the experimentally observed light insensitivity of Per induction by light during subjective day. They are based on the dynamical model variables y 3 , y 4 , and y 5 , 
where y 3max is the maximum of y 3 oscillation and y 4 y 5max is the maximum of the ( ) y y 4 2 5 + oscillation (see the appendix). These heuristic gating functions have 2 important properties: They are τ-periodic by construction and phase locked with the oscillator under LD conditions (see Fig. 2C ). Thus, they are applicable under all simulation conditions. The free-running period τ of the model oscillator is defined as the period without light input (i.e., lis = 0; τ = 23.8 h). To investigate the influence of the period τ on the phase of entrainment, the model is scaled by multiplying all rate constants with a constant f. The alternative periods used are τ = 23.3 h (f = 1.0233) and τ = 24.4 h (f = 0.9772). These alterations of the freerunning period τ are used to simulate nocturnal and diurnal mammals with shorter and longer period τ Aschoff, 1979) .
The PRCs of the model oscillator are determined by calculating the phase shift in Per/Cry oscillation after 10 cycles. The accuracy of the phase shift after 10 cycles is about 1 min. The light pulse perturbation is simulated by an abrupt change of the light input strength lis from 0 to a constant value for 30 min.
As mentioned above, in nocturnal and diurnal mammals, the delay-to-advance ratio of the PRC correlates with the difference of the free-running period τ from 24 h. We use gating functions 1 and 2 in combination with the above-mentioned free-running periods to study this correlation.
Under the LD condition, the model oscillator is entrained if the period of the Per/Cry oscillation equals 24 h and the phase relation between an internal phase marker of the model oscillator and the external LD cycle is constant. We use the Per/Cry mRNA maximum as an internal phase marker. This is an arbitrary choice as other phase markers, for example, Per/Cry mRNA minimum or nuclear BMAL1 maximum, lead to qualitatively similar results (data not shown). For each simulated LD cycle, the phase differences between light onset and Per/Cry mRNA maximum, denoted as Ψ morning , and between light offset and Per/Cry mRNA maximum, denoted as Ψ evening , are calculated.
All models and programs are implemented in the programming language Python. The Numerical Python and Scipy modules are used for fast numerical computation and ODE integration (www.scipy.org). Visualization is done with Gnuplot (www.gnuplot. info) and Grace (http://plasma-gate.weizmann.ac.il/ Grace).
ASSUMPTIONS

Our investigation rests on 2 main assumptions:
The photoperiod of the external LD cycle is transmitted onto the single-cell level in the SCN. Light responsiveness and sustained oscillations are confined to a single-model oscillator.
Many experimental studies indicate an influence of the photoperiod onto the oscillations of single clock components, for example, mRNAs and proteins. However, the molecular phase of entrainment of a single cell (as defined above) is difficult to derive experimentally, and therefore data are rare (for data based on population sampling, see Nuesslein-Hildesheim et al., 2000; Sumova et al., 2002; Steinlechner et al., 2002; Tournier et al., 2003;  for observations of phase groups in the SCN, see Quintero et al., 2003; Yamaguchi et al., 2003) . Our assumption enables us to both investigate and suggest molecular mechanisms that might have an impact on the behavior of single SCN neurons in the context of changing photoperiods. Hamada et al. (2001) showed that gated light induction of Per and rhythmic expression of Per are located in distinct compartments of the SCN. However, light information is transmitted to the rhythmic part of the SCN and entrains these neurons by a yet unknown mechanism (Karatsoreos et al., 2004) . To circumvent this lack of knowledge, we simplify our model by treating both features, light induction of Per and Per rhythmicity, within a single-model oscillator.
For assumptions specific to modeling the core oscillator, we refer to Becker-Weimann et al. (2004a , 2004b .
RESULTS
Phase Response Curves
We analyze the phase-dependent influence of light input on the oscillator by computing PRCs using 30min light pulses (lis = 0.28). As an example, Figure 2A shows that a 30-min light pulse given at CT 0 shifts the Per/Cry mRNA oscillations to an earlier phase. The perturbed oscillations stabilize after 10 cycles, with a phase advance of about 3 h compared to the unperturbed oscillations. Figure 2B shows a PRC based on 30-min light pulses with light input strength of lis = 0.28. CT 7 corresponds to the Per/Cry mRNA maximum. A light pulse given between CT 16 and CT 4.5 advances the model oscillator, while a light pulse given during CT 4.5 to CT 16 delays the model oscillator. Thus, the model oscillator responds strongly to light during most of its circadian cycle. This is in contrast to many experimentally recorded light pulse PRCs based on wheel-running behavior that show phases of little or no response ("dead zone") during subjective day Johnson, 1999) .
To resolve this discrepancy, we test whether gating can render the PRC of the model oscillator. We use 2 different gating functions (see Materials and Method), both leading to a suppression of light input during subjective day. Figure 2C shows the phase-dependent gating effect of both functions. Function 1 has its highest light input sensitivity during the early subjective night, while function 2 shows the highest light input sensitivity during the middle of the subjective night. The effect of gating on the model PRCs is shown in Figure 2D . Both gating functions lead to a dead zone in the model PRCs during subjective day: Light cannot reset the phase of the model oscillator during CT 0 to CT 9 (gating function 1) or during CT 3 to CT 10 (gating function 2). In addition, both functions modulate the delay-to-advance ratio of the model PRCs. Gating function 1 leads to a PRC with a large delay-toadvance ratio, which is similar to many PRCs of nocturnal animals. Using gating function 2, the model PRC shows a small delay-to-advance ratio, which is similar to many PRCs of diurnal animals Johnson, 1999) .
Phase of Entrainment
For the study of the entrainment under different photoperiods, we introduce the concept of the molecular phase of entrainment, similar to the concept introduced by Pittendrigh and Daan (1976b) for the behavioral level. We use the Per/Cry mRNA maximum as a clock-internal phase marker. In an entrained state, the phase difference between light onset and Per/Cry mRNA maximum is defined as Ψ morning , while the phase difference between light offset and Per/Cry mRNA maximum is defined as Ψ evening . Figure 3 shows the influence of photoperiod, freerunning period τ, and gating on the peak time of the Per/Cry mRNA. The first 2 columns of Figure 3 show time series of Per/Cry mRNA oscillations under 2 exemplary photoperiods: LD 6:18 and LD 18:6. Without gating, the model oscillator with the shorter freerunning period, τ = 23.3 h, peaks earlier compared to the model oscillator with the longer free-running period, τ = 24.4 h, under both photoperiods. With gating, the peak times of Per/Cry mRNA depend strongly on the photoperiod.
The 3rd column of Figure 3 summarizes the peak time of the Per/Cry mRNA under all photoperiods in which stable entrainment is reached within 30 LD cycles. The times of Per/Cry mRNA maxima of both model oscillators without gating in Figures 3.1c and 3.2c are not locked to light onset or to light offset under different photoperiods. In other words, without gating, both model oscillators are not able to conserve Ψ morning or Ψ evening under different photoperiods. This is independent of the free-running period of the model oscillator. Similarly, a model oscillator including gating but with a free-running period of exactly 24 h does not conserve the phase relation between Per/Cry mRNA maximum and dusk or dawn under different photoperiods (data not shown). However, a combination of free-running periods deviating from 24 h and gating conserves Ψ morning or Ψ evening under a wide range of different photoperiods (see Fig. 3.3c and 3.4c) . The difference in the free-running period τ from 24 h deter-mines which of the 2 defined molecular phases of entrainment are conserved: Ψ evening is conserved in the model oscillator with a period τ shorter than 24 h (Fig.  3.3c ), while the model oscillator with a period τ longer than 24 h conserves Ψ morning (Fig. 3.4c ).
Role of Delay-to-Advance Ratio of the PRC
Based on studies of animal behavior, Pittendrigh and Daan (1976b) hypothesized that the shape of a PRC determines the range of photoperiods under which a constant phase difference between activity onset and dusk can be observed. This range is better conserved if the PRC shows a large delay-to-advance ratio. Following their line of argumentation, a small delay-to-advance ratio of the PRC should be favorable to conserve the phase difference between activity onset and dawn. We test both hypotheses using the molecular model oscillator in analogy to the studies based on animal behavior. Thus, we simulate the model oscillator with all 4 combinations of τ = 23.3 h and τ = 24.4 h and gating functions 1 and 2 to find optimal combinations for the conservation of Ψ morning and Ψ evening . Two of these combinations are shown in Figure  3 (panels 3c and 4c). It turns out that the model oscillator with a period τ = 24.4 h shows a wider range of stable entrainment if gating function 2 is used. This gating function leads to a small delay-to-advance ratio in the model PRC (see Fig. 2D , dashed curve). The model oscillator with a period τ = 23.3 h conserves Ψ evening under different photoperiods only with gating function 1. This gating function corresponds to a large delay-to-advance ratio in the model PRC (see Fig. 2D , solid curve). If the model oscillator is scaled to a freerunning period τ = 23.6 h (i.e., closer to 24 h), it conserves Ψ evening under different photoperiods with gating function 2 but only for a very small range of photoperiods (data not shown). We conclude that for the conservation of Ψ evening , a model PRC with a large delay-to-advance ratio is preferred, while conservation of Ψ morning is favored if the model PRC has a small delay-to-advance ratio. Thus, our results are in agreement with the hypothesis stated above.
DISCUSSION
Understanding how the phase of the circadian clock is controlled is central to the understanding of its function as a temporal coordinator of physiology and behavior. The clinical relevance of this question is emphasized by genetic diseases leading to an altered phase of entrainment, for example, the advanced and delayed sleep phase syndromes (Jones et al., 1999; Roenneberg et al., 2003b) .
Different features of the circadian clock might be involved in phase control. Among them are freerunning period of animal behavior (Aschoff, 1979) , shape of PRCs , coupling strength of the circadian clock to the external LD cycle, as well as mutual coupling between SCN neu-rons (Yamaguchi et al., 2003) or SCN and peripheral oscillators (Yamazaki et al., 2000) . Within our model of the mammalian circadian oscillator, we are able to show the importance of 2 of these features: PRC shape controlled by gating and the free-running period τ.
PRCs and Gating
Our study can explain the experimentally observed insensitivity of 14 h (panel 4c). For the 1st and 2nd rows, light input strength (lis) = 0.02. To achieve entrainment of  the model oscillator with gating, a stronger light input strength was chosen, that is, lis = 0.2 (3rd and 4th rows) .
ing subjective day (Shigeyoshi et al., 1997; Miyake et al., 2000) by a phase-dependent sensitivity toward light input ("gating") of the mammalian circadian oscillator.
Why is the model oscillator without gating strongly light sensitive during subjective day? The Per/Cry mRNA production rate peaks around CT 6, that is, when the nuclear PER/CRY repressor reaches its lowest concentration. The advance part of the model PRC is associated with a rising Per/Cry mRNA production rate. During a falling Per/Cry mRNA production rate, an increase of light input delays the oscillator. The steep transition between the advance and delay parts around CT 4.5 (see Fig. 2B ) is associated with a high transcriptional activation of Per/Cry by nuclear BMAL1 (data not shown). During this transcriptional activation, the model oscillator is very sensitive to further light input. Consequently, the model oscillator shows a PRC without a dead zone during subjective day.
As a clock-internal mechanism, saturation of the BMAL1-driven Per/Cry transcription rate can also lead to a dead zone during subjective day in the model PRC (data not shown). However, an independence of light-induced Per1 and Per2 gene transcription from CLOCK/BMAL1-controlled transcription suggests that the gating mechanism is outside of the core oscillator (Travnickova-Bendova et al., 2002) .
The molecular mechanisms behind gating are unknown, and several have been discussed. Among them are a phase-dependent phosphorylation of CREB, PACAP signaling, and circadian expression of glutamate receptors (Hannibal et al., 1997; von Gall et al., 1998; Grundschober et al., 2001; Gau et al., 2002) . Our heuristic approach allowed us to include gating without specifying a mechanism. The dynamical variables used to model gating might be in phase with gating processes such as the expression of glutamate receptors.
Based on our results, we suggest a behavioral screen of mutants for altered entrainment phases under different photoperiods to identify molecular mechanisms involved in gating.
Phase of Entrainment
Gating is not only important in explaining experimentally recorded PRCs of rodents. As a main result of our study, it turns out that the phase relation between Per/Cry mRNA maxima and light onset or offset under different photoperiods (i.e., the phase of entrainment) is conserved only if gating is included into the oscillator model. However, gating alone is not sufficient to conserve the molecular phase of entrainment under different photoperiods. A systematic deviation of the free-running period τ from 24 h is an important feature of the circadian oscillator as well. This deviation determines whether the oscillator conserves Ψ evening (if τ < 24 h) or Ψ morning (if τ > 24 h) under different photoperiods.
In contrast, a model oscillator with a free-running period τ of exactly 24 h does not conserve the phase of entrainment under different photoperiods. In this case, the difference of the free-running period τ from 24 h is 0. No compensation is needed to synchronize with the external LD cycle. Instead, the model oscillator adjusts its phase of entrainment for each photoperiod to balance advancing and delaying phase shifts received by light (see Fig. 4C ). This balancing leads to an approximate locking of the Per/Cry mRNA maximum to noon under different photoperiods. However, this phase-locking phenomenon is because of the deterministic nature of our model. Considering molecular noise, a random drift of the phase of entrainment in consecutive LD cycles can be expected. We conclude that a dead zone introduced by gating enables a constant phase of entrainment. However, a deviation of the free-running period τ from 24 h is an additional requirement to stabilize phase angles in consecutive LD cycles as well as under different photoperiods. These findings are in accordance with earlier suggestions by Pittendrigh and Daan (1976b) .
How can the interplay between gating, PRC shape, and conservation of the phase of entrainment be understood? Figure 4 illustrates how the PRCs can be used to explain the constant phase relation between Per/Cry mRNA maximum and light offset under LD cycles with different photoperiods. The shaded area under the PRC represents the delay to compensate for the deviation of the free-running period τ = 23.3 h from 24 h. As shown above, gating introduces a dead zone in the model PRC during subjective day. This dead zone implies that a prolonged day length up to 13 h conserves Ψ evening under different photoperiods by locking the internal phase to light offset. Thus, gating allows the model oscillator to behave like an evening oscillator (Pittendrigh and Daan, 1976c; Daan et al., 2001) . Scaling the free-running period τ longer than 24 h results in a model oscillator behaving like a morning oscillator.
Because of the simplification of our model, we can only investigate the phasing of 1 variable (i.e., Per/Cry) with respect to the external LD cycle. Experimental observations indicate that the photoperiod acts on the entrainment phase of different clock components in opposite ways; for example, the phase relations between Per and Cry mRNA (Lincoln et al., 2003; Sumova et al., 2004) or between Per1/Cry1 and Per2/ Cry2 mRNA (Daan et al., 2001) increase with longer photoperiods. These observations have been discussed in the context of a morning/evening oscillator pair possibly being involved in annual timekeeping. Similar to our model, this view implies that the oscillation of each component is locked to distinct zeitgebers, for example, light onset or light offset under different photoperiods. Thus, our model can be considered as a first approach of investigating molecular mechanisms that can control the phasing of a single oscillator in a possible network of oscillators.
The results depicted in Figure 4 can be generalized to different model oscillators. As long as the freerunning period τ of the model oscillator differs from 24 h and the model PRC shows a dead zone during subjective day, a constant phase of entrainment for a certain range of photoperiods can be observed. For example, a model oscillator for the circadian clock in Drosophila (Leloup and Goldbeter, 1998) with a freerunning period τ = 24.13 h conserves Ψ morning under different photoperiods (data not shown). Here, the dead zone in the model PRC is because of the different light input mechanism. The circadian clock of Drosophila responds with a rapid degradation of the TIM protein to light (Myers et al., 1996) . Consequently, low levels of TIM protein concentration during subjective day are an intrinsic mechanism of the model oscillator that leads to a dead zone in the model PRC. Gating is dispensable in this model oscillator, and thus the flexibility to adapt to different photoperiods might be an intrinsic feature of the Drosophila clock.
Our results suggest that the flexibility of the mammalian circadian oscillator to adapt to changing photoperiods is obtained by gating. What might be the benefits of gating for the mammalian circadian system? The core mechanism responsible for the 24-h oscillations is based on a highly conserved feature: a negative feedback of gene products (Dunlap, 1999) . It is temperature compensated and robust with respect to molecular noise (Gonze et al., 2002; Izumo et al., 2003) . The flexibility to adapt to changing photoperiods by means of gating can be achieved by external mechanisms that are relatively easy to optimize on evolutionary time scales without changing the robust core oscillator.
In this context, it is worth mentioning that mechanisms of adaptation also exist in individual animals. For example, some animals adapt to long photoperiods by an extension of the dead zone of the PRC (Sumova et al., 1995; Jelinkova et al., 2000) . Figure 4 shows that the duration of the dead zone is critical for the range of photoperiods with constant phases of entrainment. Extending the dead zone (e.g., by adapting gating mechanisms) can lead to a stable phase of entrainment even under long photoperiods.
Beside gating, other mechanisms that give the circadian clock a flexibility to adapt to different photoperiods can be imagined. For example, an adap-90 JOURNAL OF BIOLOGICAL RHYTHMS / February 2005 tation of the free-running period τ to the length of the photoperiod allows conservation of the phase of entrainment, even if the light input into the model oscillator is not gated and the model PRC shows no dead zone (data not shown). Changes of the freerunning period τ of mice depending on the previous photoperiod of the LD cycle ("after effects") are indeed observed in animal experiments .
It is experimentally difficult to answer whether a conservation of the phase of entrainment under different photoperiods occurs on the molecular level of the core oscillator. Many experiments indicate a prolonged elevation time in mRNA and protein concentration under long photoperiods compared with short photoperiods, for example, PER1 protein (Nuesslein-Hildesheim et al., 2000; Sumova et al., 2002) and Per1 and Per2 mRNA (Steinlechner et al., 2002; Tournier et al., 2003) . Since most experimental data are based on population sampling, the peaking phases of mRNA and protein oscillations are also pooled. Phase groups within the SCN make it difficult to draw any conclusions about the molecular phase of entrainment based on pooled data (Quintero et al., 2003; Yamaguchi et al., 2003) . Single SCN cell recordings of mRNA and protein oscillations under different photoperiods could strongly advance our understanding of the phase of entrainment on the molecular level of the core oscillator.
In summary, our results show that gating might play a central role in the control of the phase of entrainment of the mammalian circadian clock. In addition, our results support the idea that the deviation of the free-running period τ from 24 h is not a mere imprecision of the circadian clock but has a functional role since it can determine the phase of entrainment under different photoperiods.
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APPENDIX
